The dynamics of ignition of premixed hydrogen-air from a hot glow plug were investigated in a combined experimental and numerical study. Surface temperatures during heating and at ignition were obtained from 2-color pyrometry, gas temperatures were measured by high-speed Mach-Zehnder interferometry, and far-field effects were captured by high-speed schlieren imaging. Numerical simulations considered detailed chemical kinetics and differential diffusion effects. In addition to the known cyclic (puffing) combustion phenomenon, singular ignition events (single puff) were observed near the lean flammability limit. Detailed analysis of the results of our numerical simulations reveal the existence of multiple combustion transients within the thermal boundary layer following the initial ignition event and, at late times, sustained chemical reaction within a thermal plume above the glow plug. The results have significant implications for ignition from hot surfaces within near-flammability limit mixtures at the edge of plumes resulting from accidental release of hydrogen or within the containments of nuclear power plants during severe accidents.
In the presence of continuous thermal ignition sources, Boettcher et al. [34] , observed cyclic (puffing) flame propagation in near-limit premixed mixtures using hydrocarbon fuels. This regime is characterized by the repeated formation of a flame near the hot surface followed by propagation upward within the thermal plume above the thermal igniter. The present work is motivated by these observations and examines indepth the regime of lean, near-limit hydrogen-air mixtures (X H2 = 5-6%, φ = 0.125-0.15), the limiting case of the puffing behavior in which only a single puff is observed. This phenomenon was first noticed by
Boettcher [35] (see p. 127) and we refer to this as the "single-puff regime". The objective of the present work is the characterization of single-puff behavior using a combined experimental and numerical approach.
Experimental methodology

Combustion vessel and procedure
Ignition experiments were conducted in a prismatic vessel whose internal dimensions were 0.114 m (W) x 0.114 m (D) x 0.165 m (H). The hot surface, a cylindrical Autolite 1110 glow plug with a stainless steel 316 surface, was mounted vertically in the lower section of the vessel and equipped with a horizontal stagnation plate at the bottom, used to provide a defined flow boundary condition. The glow plug diameter was 5.1 mm, and the height above the stagnation plate exposed to the mixture was 9.3 mm. This setup has been used in previous work and is described in detail in [34] .
The experiment was performed as follows: the vessel was evacuated and filled with hydrogen, oxygen and nitrogen (X O2 : X N2 = 1 : 3.76) using the method of partial pressures with a 10 Pa measurement accuracy. The components were mixed by a circulation pump and left to settle for 180 s. The initial conditions before the start of glow plug heating were P o = 101.3 ± 0.1 kPa and T o = 296 ± 3 K. Supplying electrical current to the glow plug initiated the heating. The glow plug current and voltage were chosen such that fast initial heating was achieved and temperature was stabilized subsequently, see Fig. 1 . Each experiment was terminated after 60 s.
Diagnostics
Ignition was characterized in terms of glow plug surface temperature, measured by 2-color pyrometry, gas temperature fields in the vicinity of the glow plug, measured by high-speed Mach-Zehnder interferometry, and the far-field was captured by high-speed schlieren imaging.
Surface temperature measurement by 2-color pyrometry
A two-color pyrometer was used to measure the glow plug surface temperature as a function of time.
The construction and calibration of the pyrometer, using a black-body source, is described in [36] . Pyrometry allows for non-contact temperature measurement, not affecting the boundary layer near the hot surface; measurement errors pertaining to thermocouple measurements of hot surface temperatures, related to radiative, convective and conductive losses from the junction, thermal contact resistance, and surface reactions, are eliminated. The pyrometry measurements were additionally validated using interferometry [36] . The pyrometer field-of-view had a Gaussian sensitivity profile with a FWHM of 1.0 mm. Optical access to the glow plug was restricted such that the pyrometer could only measure the temperature of the side wall near the glow plug top, z ≈ 8.5 mm. Since ignition consistently took place on the symmetry axis above the glow plug top face, by translating the pyrometer we determined that the top face temperature was about 2.5% lower than the temperature at the pyrometer measurement location. This deviation was included in the ignition threshold measurement uncertainty along with emissivity corrections, measurement noise and calibration uncertainty. The total estimated measurement uncertainty is represented by error bars on the plots.
Ignition events were identified using high-speed interferograms, which clearly show the incipient ignition kernel, compared to no-ignition cases (see, for example, ignition kernel above the glow plug in Fig. 3, t = t ref ). The ignition threshold was determined by reading the surface temperature of the glow plug, measured by 2-color pyrometry, at the time the ignition kernel first became visible in the interferograms.
Gas temperature measurement by high-speed Mach-Zehnder interferometry
The gas temperature in the vicinity of the glow plug was inferred from interferograms obtained from a Mach-Zehnder interferometer and high-speed video camera, operating at a framing rate of 2000 fps and a resolution of 800×800 px 2 , covering a field-of-view of about 25×25 mm 2 . The interferometer measured variations in refractive index inside the combustion vessel. Temperature variations were computed from interferograms using the methodology described in [36, 37] .
Far-field characterization by high-speed schlieren imaging
A classical Z-type schlieren setup was used to qualitatively image the gas-density gradients associated with thermal plume and flame, in the entire optically accessible region of the vessel. This extends the smaller region observed by the Mach-Zehnder interferometer and enables direct comparison with numerical simulations, which cover the entire vessel domain.
Computational methodology
The motion, transport and chemical reaction in the gas surrounding the glow plug were modeled using the low Mach number, variable-density reactive Navier-Stokes equations with temperature-dependent transport properties [38] . Differential diffusion effects were taken into account using a constant but non-unity
Lewis number for each species [38] . The Lewis numbers were computed for the specific investigated conditions. A detailed description and validation of the model can be found in [39] . The governing equations were solved in an axisymmetric 2-D geometry (a 5 degree wedge with its axis of rotational symmetry located along the z-axis at x = 0) using the OpenFOAM toolbox [40] . The chemistry was modeled using
Mével's mechanism for hydrogen oxidation, which includes 9 species and 21 reactions [41, 42] . A detailed comparison of the ignition delay time performance of Mével's mechanism with others commonly used in the literature is provided in [43, 44] . The main challenge in simulating very lean mixtures lies in the fact that the concentrations of interest (X H2 = 5%) fall outside the range in which these mechanisms are typically validated ( 9.5% ≤ X H2 ≤ 63%). However, as will be shown below, this kinetic mechanism does a very good job at reproducing the experimentally observed dynamics before, during and after ignition without requiring any modification.
The computational domain was discretized with 200,000 cells, compressed near the wall of the glow plug with a minimum cell size of 80 µm, to resolve the thermal and hydrodynamic boundary layers. A resolution study resulted in the grid size chosen. Additionally, a thorough validation of the ability of our numerical model to predict the heat transfer was performed in [37, 39] via a side-to-side comparison of experimental and numerical temperature fields and profiles around the hot surface and thermal plume. The initial conditions were P o = 101 kPa, T o = 300 K, U o = (0,0) m/s, and mass fractions Y H2 = 0.00364, Y O2 = 0.23216, Y N2 = 0.7642, corresponding to a hydrogen mole fraction of X H2 = 5%. A no-slip boundary condition and constant temperature, T wall = T o , were imposed on the vessel walls. On the glow plug surface, the experimental temperature-time history measured by pyrometry as shown in Fig. 1 was imposed uniformly on the entire glow plug surface. The simulation was carried out as an initial value problem, integrating in time starting from quiescent initial conditions with ignition and flame propagation being computed as part of the solution, rather than artificially igniting the mixture or imposing a prescribed flame speed as was done in [34] . The numerical ignition criterion was defined as T ign = T surf + 150 K.
Results
Section 4.1 provides ignition thresholds and temperature fields measured experimentally, and Sec. 4.2
shows numerical results in comparison with experimental results, analyzing the ignition process in detail. Figure 2 presents ignition thresholds as a function of hydrogen mole fraction between the flammability limits. Ignition thresholds increase with increasing hydrogen mole fraction, from 1010 K at X H2 = 5%
Experimental ignition thresholds and temperature fields
to 1100 K at X H2 = 70%, and an additional steep increase occurs near the upper flammability limit, up to 1170 K at X H2 = 73%. As previous research summarized in [43] has shown, ignition thresholds of hydrogen-air mixtures for small hot surfaces with dimensions on the order of 1-10 mm range above 1000 K and increase with increasing hydrogen concentration. As shown by Kutcha et al. [23] , ignition thresholds increase with decreasing hot surface size, due to increased heat losses and reduced residence time of gas near the hot surface. As the temperatures increase above 900-1000 K, chain-branching reactions become increasingly more relevant as compared to reactions forming peroxides [39, 43] . This leads to a sharp decrease in ignition delay time with increasing surface temperature and enables ignition to occur when ignition delay time and gas residence time near the hot surface become comparable. Numerical simulations indicate that the increase in ignition threshold with increasing hydrogen concentration may be related to the removal of H and HO 2 through surface reactions [43] .
Between the flammability limits, we observed the following ignition regimes: (i) at X H2 ≥ 10%, expanding flames occurred with a steady consumption of the entire vessel volume; (ii) at X H2 = 9%, a buoyant flame occurred that propagated towards the vessel top and recirculated along the vessel side walls towards the vessel bottom; (iii) at 7% ≤ X H2 ≤ 8% cyclic (puffing) combustion took place. In this regime ignition takes place periodically at the hot surface. Boettcher et al. [34] described the fluid mechanics of this regime in detail for n-hexane-air mixtures; (iv) at 5% ≤ X H2 ≤ 6%, we observed single-puff ignition events, which had previously been observed, but not examined in detail by Boettcher [35] . We define a single-puff as a single ignition event, in contrast to the periodic ignition of fresh mixture near the hot surface in the case of cyclic (puffing) flames. The single-puff first manifests itself as an ignition kernel near the hot surface and subsequently produces a region of high temperature attached to the hot surface. In contrast to expanding flames, this high-temperature region does not expand laterally into the fresh mixture, but is confined to a narrow vertical region bounded by the thermal plume above the hot surface. No further ignition kernels appear near the hot surface within the observed time frame of 60 s. The detailed mechanism of single-puff ignition is described next.
Gas temperature fields inferred from Mach-Zehnder interferometry are presented in Fig Fig. 2 , and demonstrating that single-puff ignition can also be obtained from smaller ignition sources heated at higher rates, such as a heated wire, and is therefore not specific to the geometry at hand.
Numerical results and comparisons against experiments
For X H2 = 5%, the simulation predicts an ignition threshold of 938 K, 7.1% lower than the value we observe experimentally (1010 K). Due to this difference in ignition temperature, it is not informative to present experimental and numerical temperature fields side-by-side. In [39] a thorough investigation of the ignition dynamics was performed in which we studied the physical and chemical mechanisms that play a role in thermal ignition, including chemical pathways. Additionally, in [43] , we discussed various effects that could affect the experimentally reported and numerically predicted thresholds, such as non-uniform heating of the hot surface and surface reactions in the experiments, and the choice of reaction mechanism in the simulation. Different reaction mechanisms compared in [43] showed large discrepancies in terms of they do not seem to be as strong or to occur at the same time as in the experimental fields shown in Fig. 3 .
This discrepancy is very likely due to the non-uniformity in surface temperature in the experimental glow plug alluded to earlier. In the surface temperature range at hand (∼ 1000 K), the experimental temperature non-uniformity of 2.5 % quoted above (∼ 25 K) induces an appreciable change in ignition delay time that make side ignitions more likely to occur experimentally than numerically [43] . 
Discussion
The dynamics of ignition from a hot surface in premixed hydrogen-air at the lean flammability limit differ from mixtures at higher hydrogen concentrations. The strong effect of buoyancy and the low energy content of the mixture lead to dynamics that include a primary ignition event, decay of the initial ignition transient, and, at late times, establishment of a quasi-steady flow field that features a region of high temperature with sustained chemical reaction, which extends vertically away from the hot surface. The behavior at late times is most noteworthy, given that premixed flammable mixture surrounds the hot surface, but no flame propagation is observed into the mixture so that chemical reaction, heat release and high temperatures remain confined to the narrow thermal plume above the hot surface. The following analyses further explore the late phenomena after the decay of the initial ignition transient, for X H2 = 5%.
At late times (t ref + 1 s ≤ t ≤ t ref + 3 s), the glow plug surface is surrounded by a layer of gas that is depleted in hydrogen below the flammability limit. The thermal plume above the glow plug induces motion in the bulk gas entraining fresh reactants into the thermal boundary layer surrounding the glow plug.
Ignition will not occur within the boundary layer as long as the convective time scale τ conv (approximately the ratio of the height of the glow plug to the velocity induced by buoyancy) is shorter than the chemical time scale τ chem (i.e. ignition delay time of the mixture). If τ chem is shorter than τ conv , ignition is possible on the side of the glow plug. The relative magnitude of these time scales changes significantly as the surface temperature of the glow plug continues to increase after ignition due to heating, see Fig. 1 . Due to the strong dependence of the chain-branching chemical reaction rates on temperature, a small increase in surface temperature results in a significant decrease in τ chem . While τ conv /τ chem ≤ 1, fresh mixture travels along the side of the glow plug and burns at the top edges feeding the thermal plume with hot products.
As soon as τ conv /τ chem > 1 ignition can occur at the side of the glow plug and its top edges are now fed by combustion products or partially reacted mixture. This explains the decrease observed in OH and H 2 concentration within and above the thermal boundary layer for t ref + 50 ms ≤ t ≤ t ref + 3 s. Subsequently, a series of transient combustion events occur as the fuel is entrained into the boundary layer, ignites, depleting the fuel and repeating the cycle as fresh mixture is entrained. This continues until approximately t = t ref + 1.3 s. As discussed in subsection 4.1, experimental side ignitions were also observed during the main ignition event (see Fig. 3 ). However, experimentally capturing the weak temperature peaks at the frequency reported in our simulations at late times is beyond our current experimental capabilities. Fig. 7 (bottom) shows the radial distribution of temperature within the thermal boundary layer at z = 5 mm. The ignition events are accompanied by the peaks in temperature that occur within 1 mm of the surface. None of these combustion transients result in a self-sustained flame and the temperature increase remains confined to the thermal boundary layer. We speculate that we do not observe further combustion transients after t ∼ t ref + 1.5 s because as the temperature of the glow plug continues to increase, τ conv /τ chem 1, which results in transients occurring at a higher frequency than we are sampling the simulation output (f = 80 Hz).
To examine the processes in the plume above the glow plug, we have investigated the temperature To investigate this further we plot in Fig. 9 as black, green, blue and red lines respectively, the competi- A key observation is that for these times and locations, the energy balance appears to be quasi-steady with a dominant balance between conduction of thermal energy and chemical energy release. At z = 10 mm, the main chemical activity and balancing conduction process occurs directly above the edge of the glow plug (x ≈ ± 2 mm). Outside of this region, chemical reaction is minimal and convection balances conduction. Energy transport due to species diffusion, which accounts for the contribution of differential diffusion effects to the energy balance in the current computation, seems to play a negligible role at these times in all the cases shown in Fig. 9 . This term would vanish had we assumed a unity Lewis number formulation. However, including differential diffusion effects is essential to correctly predicting the transport of H 2 and H species, as the differential diffusion of those species is crucial to all aspects of lean hydrogen combustion. This comprises the prediction of flameballs, tubular flames and conventional laminar flame properties, including: (i) laminar burning velocities, s L (neglecting it in lean hydrogen-air mixtures results in overpredictions in s L of a factor of two); (ii) stability (lean hydrogen-air flames are thermodiffusively unstable); and (iii) response of flames to stretch (curvature and strain) [45, 46] . These experimental studies of lean hydrogen-air flames show that even modest stretch rates can increase the burning rate substantially, which may be significant to initiating and sustaining combustion in the very lean mixtures (5% H 2 corresponds to an equivalence ratio of 0.125) used in the present study.
With increasing time, the chemical activity at z = 10 mm decreases as seen in the decreasing magnitude of both the source and balancing conduction terms. Chemical reaction close to the centerline is minimal due to the depletion of hydrogen in this region by the primary ignition event. At z = 40 mm, the chemical activity is most intense in the column of gas near the centerline, increasing in magnitude and becoming smaller in radial extent with increasing time. Radial diffusion and convection by buoyancy induced flow transports hydrogen and air into this region. Numerical evidence suggests that, after the main ignition event, the plume of hot products is initially sustained by burning from the top edges of the glow plug, and at later times the plume is sustained by diffusive burning as the plume starts to shrink and sufficient time for radial diffusion of fuel/partially reacted species is allowed.
To gain additional insight into the structure and nature of the reacting front in the plume at late times we plot in Fig. 10 temperature, species and radial velocity distributions, at the same heights and times as in Fig. 9 . The plume consists of an isothermal core surrounded by a reaction zone with two length scales, increasing time. Expectedly, the decrease and subsequent increase in chemical activity along the plume, and its thinning, is consistent with the behavior described earlier when the contributions of each term in the energy equation were analyzed. (iii) the radial inflow velocity could be interpreted as being analogous to a laminar burning speed. Over the three times shown, at the location where the peak in chemical source term occurs, u ∼ 6.6 cm/s for z = 10 mm; for z = 40 mm at the same location, u ∼ 0.4 cm/s. Notably, although there are no measurements or numerical simulations of planar laminar burning speeds for X H2 < 11%, the magnitude of the radial inflow velocities are consistent with the extrapolations of existing data on burning speed. The reactive plume structure does resemble that of tubular flames [47] , and has some similarities to flame balls [48] but there are significant differences. The convective flow of gases into the plume's reaction zone is created by the entrainment of the buoyant plume of products rather than by forced flow in the case of tubular flames or essentially zero net convection in the case of a flame ball. Figure 11 shows a side-by-side comparison of the reactive structure obtained at the edge of the thermal plume at z = 40 mm, and two different times at X H2 = 5%, with that obtained from a 1D planar laminar flame at X H2 = 11%. Discrepancies in the absolute values for some of the quantities shown are to be expected due to differences in geometry (1D vs. 2D-axisymmetric) and hydrogen concentration. In spite of these, the temperature, major and minor species distributions are remarkably similar, which constitutes convincing evidence that the reactive plume at late times is a flame-like structure. The interaction of the flow field with the reaction front and its curved geometry allows for this quasi-steady reacting front to be sustained at conditions where 1D planar flames do not typically exist. In the review paper of Pitz et al. [47] on tubular flames, stretch and curvature effects were discussed at length for fuels with Lewis numbers less and greater than or equal to unity, using burner configurations that deliberately resulted in the behavior naturally observed at late times in our experiments and simulations. Their review emphasized that in this geometry it is possible to have reaction with very lean hydrogen-air mixtures because of the strengthening of flow divergence due to curvature that in turn results in enhanced combustion by differential diffusion.
It is therefore plausible that the enhanced combustion/preferential diffusion due to geometry and flow field to which the reacting front is exposed to in our configuration, results in a major/minor species spatial distribution and flame temperature that happens to be similar to a planar 1D flame at higher hydrogen concentration. Following the definitions in [49, 50] , and adjusting them for our case, it can be analytically demonstrated that the total dimensional flame stretch is given by K = ∂u z /∂z. This result was also derived in [51] . Furthermore, an exact relationship for the flow divergence can also be derived by applying mass conservation across the reacting front: ∂(ρu r )/∂r = −ρ [∂u z /∂z + (u z /ρ)∂ρ/∂z + u r /r]. Note that the terms on the right hand side represent the effects of flow divergence within the flame (i.e. stretching and curvature); using our simulation results we can determine their values along the plume at the flame location, r f (i.e. where chemical source term peaks in Fig. 9 ). The individual contribution of the terms inside the bracket are shown in Fig. 12 . Interestingly, the ratio of curvature, u r /r, to total flame stretch, ∂u z /∂z, is constant along the plume, with the contribution from stretch being roughly twice that of curvature, providing further evidence of the quasi-steady nature of the reacting front at late times. The remaining term has a very minor contribution to the total flow divergence, with its ratio to stretch reaching values of ∼ 0.15 at most (not shown). It seems that this flame-like structure is stationary in the radial direction because the convective motion outward is balanced by the radial inflow due to entrainment by the plume. There is a corresponding increase in the axial mass flow of burned gas in the core of the plume that balances the inflow. Finally, to highlight the effects of differential diffusion due to flow divergence at late stages, the normalized fuel mass fraction is plotted in normalized temperature space for z = 40 mm in Fig. 13 . The profiles show the typical reacting front structure for fuels with Lewis numbers less than unity [52] . The black line on the plot is a visual aid that approximates the expected behavior of this front for unity Lewis number.
Differential diffusion is an essential aspect of the burning at late times.
Conclusions
The dynamics of ignition of premixed hydrogen-air from a hot glow plug were studied. In addition to the known cyclic (puffing) combustion phenomenon, we observed single ignition events (single puff) near the lean flammability limit, between hydrogen concentrations of 5 and 6%. The evolution of the single puff takes place in four distinct stages: (i) primary ignition event occurring at the top of the glow plug;
(ii) constant feed of fresh mixture from the sides of the glow plug to its top edges resulting in an anchored reaction zone and a plume filled with hot products as long as τ conv /τ chem ≤ 1; (iii) repeated combustion transients within the thermal boundary layer at increasing frequency for τ conv /τ chem > 1 and shielding of the glow plug with mixture depleted in hydrogen below the flammability limit; (iv) chemical reaction in the plume once enough time is available for radial diffusion of fresh reactants into the plume. The flamelike structure is stationary with radial burning velocities on the order of 0.4-6.6 cm/s, balanced by the entrainment of fresh mixture into the plume. The interaction of the flow field with the reacting front at the edge of the plume resulted in a stretched flame that burned at conditions where 1D planar flames do not typically exist. Estimates of the contributions from curvature and stretch to the total flow divergence revealed that the ratio of curvature to stretch was constant along the plume with the contribution from stretch being roughly twice that of curvature. For lean hydrogen-air, positively curved flames strengthen flow divergence and enhance the effects of stretch. Differential diffusion plays an important role in the burning at late times.
When ignition from a hot surface occurs at the boundary of a cloud of hydrogen created by accidental release, the initial ignition transient may not result in a propagating flame but will produce a high-temperature region that extends vertically upward from the hot surface. This applies to the regimes of single-puff ignition and puffing flames, at hydrogen concentrations of 5-6% and 6-8%, respectively. In the single-puff regime, the hot plume of products extending above the hot surface may act as an ignition source for more reactive regions of the cloud, for example it may ignite richer regions of a stratified hydrogen-air layer above the hot surface; the same applies to puffing flames extending from a hot surface into more reactive regions. Figure 14 shows ignition in 8% hydrogen-air mixture, leading to a cyclic (puffing) flame. This phenomenon was investigated in detail by Boettcher et al. [34] . Figure 15 shows ignition in 12% hydrogen-air mixture, leading to an expanding flame. Figure 16 : High-speed schlieren sequence of ignition from a u-shaped hot wire (diameter 0.2 mm; exposed length 3 mm) supported from below by a ceramic tube in 5% hydrogen-air mixture; Singe-puff ignition.
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